ABSTRACT Plants, as sessile life forms, have evolved diverse mechanisms to circumvent unfavourable growth conditions, among them interruption of the life cycle is one of the most successful strategies. During seed formation, embryo development can proceed through a maturation phase that allows the entry into a quiescent state and represents an evolutionary advantage, since it facilitates dispersal and resuming of growth under optimal environmental conditions. In the maturation phase different gene expression programmes devoted to the accumulation of storage compounds, acquisition of desiccation tolerance and entry into quiescence occur, which are highly coordinated and under fine regulatory control. This paper is focused on recent findings related to central transcription factors which regulate gene expression during maturation. The structure of established regulatory networks is presented based on extensive gene promoter analyses and the characterisation of mutants affecting seed development and maturation. Different aspects of gene regulation both in the embryo and endosperm are covered and comparisons between monocot and dicot species on the basis of current knowledge of the system are also presented.
Introduction
Plants, as sessile life forms, have evolved diverse mechanisms to circumvent unfavourable growth conditions, among them interruption of the life cycle is one of the most successful strategies. Spermaphyta, or seed plants, are characterised by the formation of the seed, a structure originated from the fertilised ovule, that includes the embryo and other maternally derived tissues. Embryogenesis within the seed allows the entry into a quiescent state that represents an evolutionary advantage since it facilitates dispersal and resuming of growth under optimal environmental conditions. Seed formation is an intricate process that can be roughly divided into proper embryogenesis (cell division and morphogenesis), followed by a maturation phase, characterised by storage compound accumulation, acquisition of desiccation tolerance, growth arrest and the entry into a dormancy period of variable length that is broken upon germination (Harada, 1997) . In essence, seed maturation involves all structures comprised within the seed, but predominantly the embryo and the endosperm originated by a double fertilisation event. Maturation leads to a developmental end-point in the endosperm, whereas the embryo retains the regenerating capacity after germination. Despite these differences, both embryo and endosperm share many features concerning the physiological changes and underlying molecular mecha-nisms associated with maturation.
In this review, we will re-examine minor aspects of seed maturation as a physiological process opposed to germination and will focus on recent findings related to central transcriptional regulators that participate in gene expression programmes associated with embryo and endosperm maturation. In the past, the study of seedspecific gene expression has led to the idea of different regulatory mechanisms in monocot-and dicotiledoneous species. However, a closer watch uncovers a limited perception, probably sustained on a knowledge biased from the different prevailing tissues in the seed of the two phylogenetic groups. Current data, clearly points to the participation of similar and sometimes the same factors in both organs. Moreover, new roles, out of the seed, have been discovered for regulators considered to be seed-specific and new functions within the seed assigned to previously known regulators unrelated to this organ. Altogether, these findings are enabling to perceive seed maturation as an "intrusive phase" in the developing embryo, similar to other phases introduced in the course of evolution at different times and in different taxa to produce growth arrest in a reversible manner (Harada, 1999; Kaplan et al., 1997) .
In addition, extensive studies of regulatory networks are facilitating the identification of master regulators, responsible for the "seed fate", which directly participate in transcriptional control during maturation or modulate the activities of other factors acting under their influence.
Physiology of seed maturation
The maturation phase is started once the embryo and endosperm have completed the morphogenesis and patterning stages (Wobus et al., 1999) . This phase is characterised by a growth arrest, followed by the synthesis and accumulation of reserves, whose degradation upon germination will provide nutrients to the growing seedling before the photosynthetic capacity is fully acquired (Baud et al., 2002) . Early and mid phases of maturation are dominated by the action of ABA, initially synthesised in the maternal tissues and later on, although to a lower extent, in the embryo and endosperm (Nambara et al., 2003) . Transcription of major seed storage protein genes occurs mainly during this period. Subsequently, ABA levels decline and late maturation follows characterised by the synthesis of LEA (Late Embryogenesis Abundant) proteins, associated to the dehydration process and acquisition of desiccation tolerance. During this stage, accumulation of storage metabolites prevails in the form of carbohydrates (endosperm) or lipids (embryo), a quiescent state is accomplished and dormancy, the inability to grow under otherwise favourable conditions, can be established (Holdswoth et al., 1999) .
Maturation is not an obligatory process and if embryos are removed from the seed and the ABA effects eliminated, they can proceed through the germination phase and develop into normal seedlings (see Figs. 1A, 4) . In certain plants, like mangroves, embryogenesis proceeds directly to the seedling state. Similarly, so-called viviparous mutants in other plants display an analogous behaviour. In addition to ABA, other hormones are important in seed development, like auxins, cytokinins and gibberellins (GAs). In particular, the synthesis and requirement of active GAs during the maturation phase have been demonstrated in elegant experiments in maize embryos . It is now widely accepted that maturation is not determined by ABA alone but instead by the ABA/GA balance.
Exciting results on metabolites as signals, as well as metabolism and accumulation of nutrients during seed development have been extensively covered in recent publications (Baud et al., 2002; Hills, 2004; Borisjuk et al., 2004) and are outside the scope of this review.
Mutations affecting seed development
Seed mutants have been an important source of information about the maturation phase both in monocot and dicot species. In cereals, due to the importance of the endosperm (the first world crop), seed mutants have been mostly seek on the basis of modifications in this organ. While this has resulted in the identification of important mutations affecting maturation outputs, many embryo mutants remain overlooked. In dicot species, e.g. Arabidopsis, a great number of seed developmental mutants display altered phenotypes on maturation features, but many of them are not specific to this phase. Instead, they are altered in basal activities required for normal embryo development with subsequent effects into the maturation phase (Tzafrir et al., 2004) . In addition, certain mutants impaired in seed maturation show abnormal embryonic behaviour. Although this situation has initially made difficult to establish the boundaries between embryo development and maturation proper, it has enabled the identification of master genes that determine a state of competence under which maturation gene expression programmes occur.
Gene expression programmes associated with seed maturation
As previously described, physiological and metabolic conditions prevailing in the seed during the maturation phase lead to the accumulation of storage compounds and other products conferring desiccation tolerance. Accordingly, gene expression programmes are primarily related to these processes. From early studies, it was known that most abundantly expressed genes in the seeds correspond to seed storage proteins, oleosins, LEA proteins and enzymes implicated in carbohydrate and lipid biosynthesis. Consequently, many of these genes have for a long time served as molecular markers, specific to this phase.
With the introduction of new high-throughput technologies, seed maturation has been investigated on a genome-scale basis. Transcriptome analysis has been performed in developing seeds of monocot and dicot species (Girke et al., 2000; Ruuska et al., 2002 , Nakabayashi et al., 2004 Srenivalasu et al., 2002; Soeda et al., 2005) and allowed to identify new seed-specific genes, to redefine patterns of gene expression and to recognize new groups of co-regulated genes. The forthcoming years will probably see a great advance in the transcriptome analysis of seed mutants and the consequent deciphering of regulatory networks underlying seed maturation.
An important fact to point is that many of the final outputs of the maturation-induced gene expression programmes are common in monocot and dicot species, no matter if they occur in the embryo or in the endosperm. One such a case is a group of seed storage proteins (SSP) genes, encoding specific dicot albumins and monocot prolamins, which can be evolutionary traced to a common ancestor. Gene promoter cis -acting motives and interacting transcription factors have been shown to be functionally exchangeable between both systems, indicating a remarkable conservation in the machinery responsible for the maturation gene expression programmes. In the following sections we will summarise the current knowledge of important regulatory sequences and interacting transcription factors present in these promoters, in the framework of known key regulators of seed development and seedspecific expression.
Maturation regulatory elements in dicot species
Regulatory cis -acting elements required for specific expression of SSP genes have been determined in numerous dicot species and can be illustrated on the 2S albumin/ napin gene promoters (see Fig. 2 ) Besides high sequence conservation, functional relevance of these elements has been demonstrated by site-specific mutagenesis and gain of function experiments. The best-characterised motives include the RY element, the ACGT box and the AACA motif, representing putative targets for B3, bZIP and MYB transcription factors, respectively.
Alternative strategies, like the analysis of mutants with altered features in the seed, have also led to the identification of genetic loci affecting the maturation programme. In Arabidopsis four loci: LEC1, LEC2, FUS3 and ABI3 are fundamental in the control of different aspects of seed development. LEC1 is a homologue of the CAAT binding factor HAP3 subunit (Lotan et al., 1998) and LEC2, FUS3 and ABI3 belong to the B3 family of transcription factors (Stone et al., 2001; Luerssen et al., 1998; Giraudat et al., 1994) . In terms of phenotypic alterations FUS3, LEC1 and LEC2 belong to the Leafy Cotolyden (LEC) type (Meinke et al., 1994) and loss of function in any of them result in the display of leaf primordia features (e.g. trychome formation) in the cotyledons, precocious growth of root and apical meristem, alterations in anthocyanin and storage product accumulation and reduction in the establishment of desiccation tolerance and dormancy. Functions of these genes are not completely redundant, acting in an overlapping manner. Although structurally related to FUS3 and LEC3, ABI3 is not considered of the LEC type and loss of its function results in a failure to degrade chlorophyll, altered storage product accumulation, loss of desiccation tolerance and dormancy and ABA insensitivity upon germination (Fig. 3) .
Mutations in any of these four regulators impaired the maturation programme and shift embryo development towards germination. Recently, exciting results have been obtained concerning their mode of action. The McCourt's group has described the ability to fully complement a fus3-3 loss-of-function mutant by expressing the FUS3 protein in the protodermal tissue of the embryo. Anthocyanin and trichome production in the fus3 mutant requires the product of the TTG1 gene and the authors show that FUS3 is a negative regulator of TTG1 mRNA in the protodermal tissue. In addition, restoration of SSP accumulation was shown in the same complemented mutant and a similar effect displayed in the fus3-3/ ttg1 double mutant . However, the ttg1 mutation could not rescue other fus3 -impaired functions, like desiccation tolerance and dormancy, indicating that FUS3 action occurs only partially through the TTG1 product. Up-regulation of FUS3 by auxins in the embryo was also demonstrated and the positive and negative regulation of ABA and GA synthesis by FUS3, acting as a nexus of hormone action during embryogenesis (Gazzarrini et al., 2004; Curuba et al., 2004) Moreover, accumulation of SSPs in parenchyma cells of adult leaves miss-expressing FUS3 in the epidermis suggests a cell-nonautonomous mechanism in its mode of action. Other investigations have disclosed a positive regulation of LEC1 over FUS3 and ABI3 and their activation of SSP genes in a hierachical manner . Complex genetic and molecular interactions have been uncovered among these factors (Parcy et al., 1997 and personal communication) and deserve further examination.
In addition to the general "seed-competence" state generated by these factors, it has been demonstrated that they can particularly act through direct interactions with regulatory elements present in the promoters of output genes of the maturation phase. Functional assays for LEC2, FUS3 and ABI3 have corroborated such mechanisms on the RY element of different SSP gene promoters (Kroj et al., 2003; Reidt et al., 2002; Monke et al., 2004) . Nevertheless, the action of these factors is a necessary but not sufficient requisite for the expression of the target genes, since mutations affecting other critical elements or their interacting factors, result in a poor (or absent) expression . In this respect, the ACGT boxes as putative binding elements of bZIP proteins are reported targets of AtbZIP10 and 25 in SSP promoters and of ABI5 in Em promoters, in both cases in concerted interaction with ABI3 (Lara et al., 2003) . Contribution of other elements, like AACA boxes, is known to be critical as well, although the interacting factors have not been identified yet. It is worth mentioning the high level of conservation, both in sequence and functionality, detected among different gene promoters in monocot and dicot species (Fig. 2) that encourages for the isolation of similar factors to those previously characterised in the alternative group.
Maturation regulatory elements in monocot species
Seed maturation has been extensively studied in cereal species, due to the importance of the endosperm as the major food and feed tissue in agriculture. The cereal endosperm is structured into different cellular domains comprising the aleurone, the starchy endosperm, embryo surrounding tissues and transfer cells (Olsen, 2004) . The starchy endosperm is the principal storage tissue, where carbohydrates and SSP are accumulated during the maturation phase. Among the numerous known mutants affecting endosperm traits, many are altered in the pigmentation of the outer aleurone layer or the deposition of reserves in the starchy endosperm. Cereal SSP genes are among the first plant genes characterised and functionally studied. The bipartite endosperm box and the AACA motif are important regulatory elements (Takaiwa et al., 1996) , repeatedly found in the promoters of SSP genes (see the model Bhordein gene promoter in Fig. 2 ). These cis -elements are bound by TFs of the bZIP, DOF and R2R3MYB classes including BPBF and SAD Dof proteins, OPAQUE2-like bZIP proteins BLZ2 and BLZ1 and R2R3MYB factor GAMYB (Vicente-Carbajosa et al., 1997; Mena et al., 1998; Vicente-Carbajosa et al., 1998; Oñate et al., 1999; Diaz et al., 2002; Diaz et al., 2005) . Full activation is achieved by the synergistic effect of different TF combinations, suggesting that they are part of a regulatory complex. In support, protein-protein interactions have been detected among them. Although conserved RY elements are also present in the promoters of these genes, direct regulation by a B3-type transcription factor has not been reported so far. Nevertheless, it is worth mentioning that the VP1 gene (the monocot orthologue of ABI3) is weakly expressed in the starchy endosperm, while highly expressed in the aleurone and embryo during the maturation phase, where it participates in the activation of LEA genes in an ABA dependent manner.
It is also remarkable that key factors participating in maturation programmes in the cereal endosperm, like GAMYB, BPBF or SAD, are also essential regulators in the post-germination phase (Gubler et al., 1995; Isabel-Lamoneda et al., 2003) . Consistent with a mode of action based on exchangeable regulatory complexes under the influence of external TFs, this represents an example of how regulators can be recruited to perform different tasks depending on the context. In the seed framework, GAMYB, BPBF and SAD different actions are mediated by VP1 modulation (our unpublished results)
Maturation phase changes induced in the embryo of monocot seeds have been studied to a lesser extent, but strong similarities to the situation in the dicot embryo exists, like the well-known participation of VP1 in the regulation of LEA and globulin SSP genes and the conserved interactions with bZIP orthologous to ABI5 factors (Hobo et al., 1999; Nakamura et al., 2001) .
Modules, overlaps and hierarchies in the structure of seed maturation programmes
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S ee d S to ra ge P ro te in D es ic ca tio n T ol er an ce T hr ic om e in hi bi tio n V a sc u la r sy st em A n th oc ya n in re pr es si on C h lo ro ph yl l de g ra da tio n A B A se ns iti vi ty into quiescence. As a whole, it can be divided into overlapping programmes of gene expression to accomplish different tasks, like synthesis of storage compounds, acquisition of desiccation tolerance or the establishment of dormancy. For a process with such a modular structure it is not surprising to discover that individual tasks might be implemented in different parts of the plant with functions unrelated to the seed. For instance, many of the genes related to desiccation tolerance can be induced in other organs under certain stress conditions (Bartels et al., 2001) . Furthermore, mutant analyses have allowed the identification of individual regulators that operate over a wide range of modules (or gene expression programmes) and that are therefore considered "master regulators" of the process (e.g. LEC genes). Individual switching on of these genes results in the definition of a "seedcompetent" state that affects a precise set of tasks of the maturation phase, which are globally controlled by these factors in an overlapping, rather than a hierarchical manner. On top, at a different level of regulation, it has been shown in Arabidopsis that the master LEC genes are repressed outside the embryo by the CHD3-chromatin-remodeling factor PICKLE (Dean Rider et al., 1999; see Fig. 3 ).
Driving the maturation programme out of the seed
Taking into account the described organisation of the maturation programme, it is conceivable to execute independent parts by manipulating selected regulators. In fact, different reports have shown that miss-expression of particular regulators can turn on precise expression programmes of seed maturation (Gazarrini et al., 2004; out of the seed. An interesting finding was the discovery of an ABI3-factor, initially thought to be a seedspecific regulator, as an important player in the induction of dormancy in buds (Horvath.et al., 2003) . Like specific programmes of seed maturation, this process is associated to the growth inhibitory action of ABA, in which ABI3 is known to be implicated. Again, this supports the idea of maturation being ancillary or intrusive to embryo development and points towards possible mechanisms that could make it rise, with subsequent evolutionary advantages.
Remaining questions
In recent years, important contributions have been made in different aspects of seed maturation, like studies on metabolism of storage compounds, identification of key regulatory elements or transcriptome analyses of the process at a whole-genome scale.
The identification of key regulatory transcription factors involved in the process allows addressing important and still opened questions. It remains unclear to what extent these key regulators are conserved in the different phylogenetic groups, for instance there is no evidence yet for a role of LEC genes in seed maturation of monocot species. Although conservation in the regulatory network that controls SSP is remarkable, extensive studies must be performed to provide information on other regulatory networks operating under the maturation programme to allow further comparisons. In particular, information concerning expression programmes in the dicot endosperm, or associated with the establishment of dormancy is still very limited.
Another key and recurrent issue in seed biology are the differences between embryo and endosperm, linked to the still controversial origin of the later (Berger, 2003) . Involvement of key regulators of maturation programmes is significantly similar in the embryo and endosperm aleurone. A deeper knowledge of maturation in both systems and the influence of maternal and dosage effects (Dilkes et al., 2004) 
